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As our experimental approach, we grafted two different species of tobacco, Nicotiana tabacum and Nicotiana sylvestris. Grafting triggers formation of new cell-to-cell contacts, creating an opportunity to detect cell-to-cell organelle movement between the genetically distinct plants. We initiated tissue culture from sliced graft junctions and selected for clonal lines in which gentamycin resistance encoded in the N. tabacum nucleus was combined with spectinomycin resistance encoded in N. sylvestris plastids. Here, we present evidence for cell-to-cell movement of the entire 161-kb plastid genome in these plants, most likely in intact plastids. We also found that the related mitochondria were absent, suggesting independent movement of the two DNA-containing organelles. Acquisition of plastids from neighboring cells provides a mechanism by which cells may be repopulated with functioning organelles. Our finding supports the universality of intercellular organelle trafficking and may enable development of future biotechnological applications.
plasmodesmata | horizontal gene transfer | plastid transformation | chloroplast biotechnology P lant cells have three DNA-containing cellular compartments: the nucleus, plastids, and mitochondria. The plastid and mitochondrial genomes (ptDNA and mtDNA) in all plant species have been massively reduced relative to their prokaryotic ancestors through the evolutionary process of intracellular gene transfer. The 155-kb plastid and 430-kb mitochondrial genomes of Nicotiana tabacum encode only 112 (1) and 60 (2) genes, respectively. Experimental reconstruction of this evolutionary process in the laboratory revealed that plastid-to-nucleus gene transfer occurs at a surprisingly high frequency (3) . The recent demonstration of the exchange of genetic material between cells in plant tissue grafts reconstructed the evolutionary process of intercellular gene transfer (4) .
Intercellular movement of mitochondria in mammalian cells was found to be a basic biological process and involved in tissue repair (5) . In coculture, donor cells extend cytoplasmic projections toward target cells and mitochondria stream from cell to cell (6) (7) (8) . This transfer was shown to result in replacement of diseased mitochondrial genomes with mtDNA from the donor cells (5) .
However, there is no report yet on the intercellular movement of DNA-containing organelles, plastids, and mitochondria, between plant cells. In contrast to animal cells, plant cells have a rigid cell wall. However, plant cells are connected by sophisticated intercellular channels (plasmodesmata), which actively and passively regulate cell-to-cell movement of nutrients, hormones, and information macromolecules, including transcription factors, phloem proteins, mRNA, and sRNAs (9, 10).
Our objective was to determine whether chloroplasts or mitochondria could move from cell to cell in plants. To test this hypothesis, we grafted two different species of tobacco with genetic markers in their plastids, mitochondria and nuclei. Grafting triggers formation of new cell-to-cell connections (11) that creates an opportunity for cell-to-cell movement of organelles. Here, we report evidence supporting the movement of plastids (ptDNA) between cells in graft tissue. However, the related (nonselected) mitochondria were absent in the same plants, suggesting independent transfer of plastids through the graft junction. We discuss acquisition of plastids from neighboring cells as a potential mechanism to repopulate cells with functional organelles and the possibilities of cell-to-cell movement of plastids for biotechnological applications.
Results
Experimental Design. Because of the difficulty to directly observe rare intercellular organelle movement, we chose graft partners with distinct nuclear and organellar genomes to test for cell-to-cell transfer of plastids and mitochondria in graft junctions (Fig. 1) . We grafted two species of tobacco, N. tabacum (partner P1) with a selectable transgenic nuclear gentamycin resistance gene and Nicotiana sylvestris (partner P2) with plastids carrying a selectable spectinomycin resistance (aadA) gene and the aurea young leaf color phenotype (bar au gene). The N. sylvestris partner carried the plastids and mitochondria of a third species, N. undulata, providing a large number of organellar DNA markers. The P1 partner with the N. tabacum nucleus was fertile and the P2 partner with the N. sylvestris nucleus cytoplasmic male sterile (CMS) (Fig. 1B) , a trait controlled by mitochondria (12) . The grafted plants were grown in culture for ten days ( Fig. 2A) and sections of the graft junctions were selected for the gentamycin and spectinomycin resistance traits carried by the P1 nucleus and in P2 plastids, respectively (Fig. 2B) . Of 30 graft junctions, a total of 3 plastid graft transmission (PGT) events (G1, G3, and G4) were recovered. The plants regenerated from the graft junction displayed the leaf morphology, growth habit, and pink flowers associated with the selected N. tabacum nucleus but the aurea leaf color of the P2 partner, a plastid trait ( Fig. 1 A and B) .
No Exchange of Chromosomes in the PGT Plants. To investigate the contribution of nuclear genetic material to the PGT plants, we examined 24 simple sequence repeat (SSR) (or microsatellite) polymorphic DNA markers previously mapped to each of the N. tabacum chromosomes (13) . These markers distinguished N. tabacum from N. sylvestris ecotype TW137 and indicated the presence of the chromosomes of the N. tabacum P1 partner that carried the selectable nuclear gene without contribution from the nonselected P2 N. sylvestris nucleus (Fig. 3) . The presence of chromosomal markers from one partner excluded chimera formation as the source of double resistance of the G1, G3, and G4 PGT plants. However, we cannot exclude limited transfer of chromosome fragments that remained undetected in the study.
Mitochondria Remain Associated with the Selected Nucleus. The graft partners carried distinct mitochondrial genomes deterAuthor contributions: G.T., Z.S., and P.M. designed research; G.T., Z.S., and P.M. performed research; G.T., Z.S., and P.M. analyzed data; and G.T., Z.S., and P.M. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission. mining the flower type (Fig. 1B) . The P1 partner with the N. tabacum nucleus had normal anthers and produced fertile pollen, whereas the P2 partner with the N. sylvestris nucleus had stigmatoid anthers, a phenotype controlled by mitochondria. The G1, G3, and G4 PGT plants were male fertile and lacked the stigmatoid anthers of the CMS P2 partner. In line with the flower morphology, the CMS92 mtDNA markers were absent in the G1, G3, and G4 plants. To determine the source of the mitochondrial genome in the PGT plants, we identified six SNP and insertion/ deletion markers that are suitable to distinguish the N. undulata CMS92 mtDNA (Fig. 4) from the fertile N. tabacum mtDNA (2). Sanger sequencing of PCR fragments indicated that the G1, G3, and G4 plants have the mitochondrial genome of the nuclear donor (Fig. 4) . Thus, we did not find evidence for the transfer of mitochondrial DNA in the PGT plants. Given the tendency of mitochondria for fusion (14) and mtDNA for recombination (12, 15) , should mtDNA be transferred, we would expect to find at least chimeric mtDNA. The absence of nonselected mitochondrial DNA suggests limited organelle transfer, rather than largescale mixing of the two cytoplasms at the graft junction. Although we did not find evidence for the cotransfer of mtDNA with plastids in the lines tested, it is possible that mtDNA transfer could be detected with selection in a larger PGT plant population.
PGT Plants Contain the Entire Selected Plastid Genome. Dual selection for the nucleus-and plastid-encoded antibiotic resistances ensured that the PGT plants would carry both transgenes. The N. tabacum-specific SSR markers in the G1, G3, and G4 plants indicated the presence of the P1 chromosomes alone in the PGT plants. However, the presence of the plastid markers did not distinguish between a transformation-like process that involves incorporation of ptDNA fragments and intercellular movement of plastids implied by the transfer of complete plastid genomes, either of which is compatible with the earlier report (4). To determine how much of the P2 ptDNA is present in the G1, G3, and G4 plants, we first examined markers distant from the transgenes by probing total cellular DNA on blots. Southern probing of the six previously identified RFLP markers (Fig. 5C ) and PCR analyses (Fig. 5B) suggested the presence of the entire plastid genome of the P2 partner and that the PGT plants carried a uniform population of P2 transplastomes. To exhaust the search for a contribution to the PGT plastid genomes from the nonselected P1 plastome, we performed next-generation sequencing of the plastid genomes of the P1 and P2 partners and the G1, G3, and G4 PGT plants. We report here that the sequence of the 160,743-nt transplastomes in the P2 partner and in three PGT plants are identical (GenBank accession no. JN563930). The P2 and PGT plastid genomes are larger than the 155,863-nt wild-type N. undulata plastid genome (GenBank accession no. JN563929) because the transplastomes also contain the spectinomycin resistance (aadA) and the aurea bar au transgenes. We also sequenced the plastid genome in partner P1 that carries the wildtype N. tabacum ptDNA of cv. Petit Havana. We have found that the sequence of cv. Petit Havana ptDNA is identical to the cv. Bright Yellow sequence deposited in GenBank (GenBank Accession number Z00044). However, the N. undulata ptDNA differs from the N. tabacum cv. Petit Havana ptDNA by 805 SNPs, 52 insertions, and 61 deletions and the transgene cassettes. Differences between the plastid genomes are depicted on the mVISTA identity plots shown in Fig. 5A and Fig. S1 : the 500-bp sliding window in Fig. 5A gives an overview; and the 100-bp sliding window in Fig. S1 provides more precise information about the location of SNPs and insertions/deletions. Importantly, we observed all of these polymorphic loci, with an average density of 200 bp/SNP (170 bp/polymorphism) in the plastid genome of the three graft transmission plants indicating the transfer of intact ptDNA from the P2 graft partner. We also tested transmission of the plastid-encoded spectinomycin resistance in reciprocal backcrosses with the G1 PGT plant. When the G1 plant was the mother and the wild type the father, each of the 208 seedlings was resistant, whereas when the G1 plant was the father and the wild type the mother, each of the 318 seedlings was spectinomycin sensitive. Thus, spectinomycin resistance exhibited uniform, maternal inheritance, as expected for a homoplastomic N. tabacum, a species with strict maternal plastid inheritance (16, 17) .
Discussion
Cell-to-Cell Migration of Plastids. Here, we report cell-to-cell movement of entire plastid genomes. We considered two possible mechanisms for the transfer of genome-size ptDNA: the intercellular transport of extraorganellar ("naked") DNA or the ptDNA traveling within an intact organelle. Selection for movement of ptDNA to the nucleus led to the discovery that incorporation of kilobase-size ptDNA fragments is frequent and that the source most probably is degraded organellar genomes (18) (19) (20) . Movement of entire genomes may require more protection than the fragments. Better protection could be provided if the extraorganellar ptDNA would be encapsulated in membranebound vesicles that are shed from fragmented chloroplast stromules (21), although ptDNA is normally absent from stromules (22) . Because of the need for capacity for translation, plastids cannot be created de novo from membranes and DNA (23) . Thus, if "naked" ptDNA is transferred, an invading plastome would need to enter an existing plastid with transcription and translation machinery and displace the existing plastome by a transformationlike process to explain our observations. However, a transformation-like process would yield mosaic genomes if different genomes were present, because plastid genomes within an organelle undergo frequent recombination (24) (25) (26) . The absence of chimeric genomes in the PGT plants makes it unlikely that naked DNA transfer is the mechanism of intercellular ptDNA transfer.
More likely, vehicles of cell-to-cell movement of entire plastid genomes could be the organelles themselves. The avenue for the movement of intact organelles could be damage to cell walls that allows for some mixing of cytoplasms in the graft junctions. A more likely mechanism would be the transfer of proplastids via newly formed connections between cells that are well documented at graft junctions (11) . The size of proplastids, ∼1 μm, is well above the size exclusion limit of plasmodesmata normally defined by molecular mass. However, the size exclusion limit changes during development and depends on tissue type (9, 27) . We speculate that the new openings, formed by thinning of opposing cell walls at the site of future plasmodesmata, permit intercellular movement of proplastids. Our preferred model of intercellular plastid transfer in graft junctions is shown in Fig. 6 .
The Role of Cell-to-Cell Movement of Plastids. The capacity of a plant cell to acquire organelles from a neighboring cell is a basic biological process. Acquisition of plastids from neighboring cells may be important because once the ribosomes are lost, translation cannot be restored, because some of the ribosomal proteins are encoded in the plastid genome and their translation is dependent on plastid ribosomes (23) . Therefore, during certain stages of development, including dedifferentiation associated with forming new connections in grafted tissues (11) , plants cells may allow intercellular transport of organelles. In this regard it is intriguing to note that the redox state of plastids regulates symplastic permeability and that ectopic expression of the proplastid-targeted GAT1 protein increased plasmodesmal size exclusion limit (28) . The functional state of mitochondria also regulates the size exclusion limit of intercellular trafficking (29) and reprogramming of diseased mammalian cells was associated with acquisition of functional mitochondria (5, 7). The discovery of intercellular movement of plastids supports the universality of intercellular organelle trafficking and calls for testing the biological significance of this process in plants. The formation of interspecific cytoplasmic connections and exchange of genetic material has also been reported between parasitic flowering plants and their hosts. All interspecific secondary plasmodesmata have been localized in thinned-wall areas at the contact between host and parasite, which corresponds to the observations on graft unions (11) . Although horizontal gene transfer (HGT) in plant mitochondrial genomes is rampant when a parasitic flowering plant is involved as a donor or recipient, it very rarely occurs in plastids (30, 31) . Cell-to-cell movement of plant mitochondria and the observed massive mitochondrial fusion (14) would provide an efficient mechanism for evolutionary gene transfer. In contrast, plastid fusion has been rarely observed under experimental conditions (25, 32, 33) , explaining the scarcity of HGT. The cell-tocell movement of entire plastids is restricted to closely related species, because plastid-nucleus incompatibility prevents incorporation of entire unmodified ptDNA in a distantly related host (34, 35) . However, fragments of the incoming plastid genome may find their way into the nucleus and mitochondria of the host.
Applications in Plastid Genetics and Biotechnology. Because in most species both plastids and mitochondria are maternally inherited, they cannot be separated by crossing. Thus far protoplast fusion has been the only option to obtain new combinations of plastids and mitochondria (12) . The result is intercellular transfer of parental plastids, but formation of recombinant mitochondrial genomes. The protocol we report here enables combination of parental plastids and nonrecombinant mitochondria by PGT, a significant improvement over the protoplast-based process that yields recombinant mitochondria.
An additional application of PGT could be rapid introgression of transformed plastids into commercial cultivars. Plastid transformation is a powerful tool for biotechnological applications because the transgenes that are integrated into the plastid genome are expressed at high levels, can be clustered in operons, and are not subject to silencing (36, 37) . Currently, the option is to transform the plastids in permissive cultivars then introduce them into commercial lines by repeated backcrossing using the commercial cultivar as a recurrent pollen parent. Based on the findings in this report, backcrossing can be replaced in the future by graft transfer of the transformed plastids, instantly yielding a substitution line with transgenic plastids combined with the valuable commercial nuclear genome.
Materials and Methods
Partner P1 (Nt-pHC19) has an allotetraploid N. tabacum cv. Petit Havana (2N = 48) nucleus with the aacC1 transgene for gentamycin resistance and wild-type N. tabacum plastid and mitochondrial genomes (38) . Partner P2 (Ns-pCK2-6W2) has a wild-type diploid N. sylvestris TW137 (2N = 24) nuclear genome, N. undulata plastids with aadA transgenes for spectinomycin selection and the aurea young leaf color phenotype (bar au gene), and N. undulata (CMS-92) mitochondria that confer cytoplasmic male sterility (39) . For grafting, the plants were grown aseptically on a medium containing Murashige and Skoog salts and 3% sucrose (40) . Grafting was carried out reciprocally in equal numbers. Plants were regenerated from the graft junctions on RMOP shoot regeneration media supplemented with 500 mg/L spectinomycin and 100 mg/L gentamycin (40) . Southern probing for ptDNA polymorphisms was carried out using six previously identified polymorphic regions (16) . Organellar DNA was amplified using total cellular DNA as a template (41) and appropriate PCR primers (Tables S1  and S2 ). Primer design for ptDNA was based on GenBank accession nos. Z00044 and JN563929; for mtDNA, primer design was based on GenBank accession no. BA000042. The P1, P2, and G1 plastid genomes were amplified in 34 PCRs using primers listed in Table S3 . DNA sequence was determined on an Illumina Genome Analyzer II using 80-bp paired-end (500-bp insert) library. Total leaf DNA fragments of P1, P2, G1, G3, and G4 plants were also analyzed on a SOLiD 5500xl sequencer (Applied Biosystems) using 76-nt reads. Reference guided assembly of the ptDNA was essentially carried out as described elsewhere (42) . Nuclear SSR markers (13) were amplified using primers listed in Table S4 . 
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